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Electrical control of excitons in van der Waals heterostructures with type-II band alignment
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We investigate excitons in stacked transition-metal dichalcogenide layers under a perpendicularly applied
electric field, herein MoSe2/WSe2 van der Waals heterostructures (vdWHs). Band structures are obtained with
density functional theory (DFT), along with electron and hole wave functions in conduction and valence bands,
respectively. A minimal continuum model, parametrized by the DFT results, is presented, allowing for the calcu-
lation of the excitonic states. Although the type-II nature of the heterostructure leads to a fully charge separated
interlayer exciton on the ground states, our results show that moderate values of electric field produce more
evenly distributed wave functions along the vdWH, namely, hybrid inter/intralayer exciton states, where both the
interlayer exciton binding energy and, most notably, its oscillator strength are enhanced.
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Introduction. Recent experimental and theoretical analyses
of transition-metal dichalcogenides (TMDCs) have demon-
strated that these indirect gap materials, when exfoliated into
their monolayer form, acquire a direct gap at the K point
of the Brillouin zone edge [1–8]. Across the different types
of transition-metal and chalcogen combinations, surveys of
their optical gap [9–14], excitonic Rydberg spectra [15,16],
and trion and biexciton formation [17–19] provide evidence of
strong electron-hole (e-h) interactions, due to the reduced di-
electric screening in these systems. van der Waals heterostruc-
tures (vdWHs), through either vertical stacks or lateral attach-
ment of different materials, present a promising avenue to
engineering excitonic properties. Several experimental groups
have reported advances in this direction, particularly on the
investigation of photoluminescence (PL) in vertically stacked
vdWH bilayers [20–26].

Recent efforts on vdWHs have been focused on the pur-
suit for experimental evidence of spatially indirect interlayer
excitons (ILEs), i.e., where the electron and hole forming
the excitonic pair are confined at different materials. This
situation is expected to occur in combinations of TMDCs
with type-II band alignment [27], i.e., both the conduction and
valence band of one layer are at a higher energy as compared
to the same bands in the other layer. Such a spatially separated
e-h pair should in general have a very small e-h overlap and,
consequently, a longer recombination time, or exciton life-
time. This could potentially be of interest for energy storage
and photodetector applications, where long exciton lifetimes
are required [28]. However, ILE has been proven to be elusive
in experiments, since its very low oscillator strength forbids
an interlayer valence-to-conduction band transition to occur
in light absorption measurements.
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Here, we investigate the electronic and excitonic properties
of a prototypical type-II vdWH, namely, MoSe2/WSe2, under
a perpendicular electric field. Our results reveal strong elec-
trical control of the exciton binding energies and its oscillator
strength. The former and latter would dictate the PL spectral
resonance position and intensity, respectively. Electronic band
structures are obtained using density functional theory (DFT)
calculations, whereas excitonic states are described within the
Wannier-Mott approach [29,30]. In the absence of electric
field, quasiparticle states around the K point are shown to be
fully charge separated between the layers, due to the type-
II band mismatch, thus forming a vertical intrinsic electric
dipole. As the field is applied opposite to the dipole direction,
it pushes single electron and hole states towards each other
across the bilayer, forcing the dipole to flip. At the crossover
electric field, the dipole moment is minimized. In this case,
the interlayer exciton oscillator strength and binding energies
are shown to attain maximum values, which suggests, e.g.,
the possibility of observing a higher ILE peak and a visible
blueshift of its position in PL experiments. The application of
such an intermediate field can be achieved either by gating or
doping one of the layers. The possibility of having a reciprocal
space indirect interlayer conduction-to-valence band transi-
tion (between the K and � points) is also discussed. Results
discussed here are expected to be applicable to other type-II
combinations of Mo- and W-based diselenides and disulfides.

Theoretical model. In order to obtain the band structure and
electron/hole distributions for the vdWH, DFT calculations
were performed using the Vienna ab initio simulation package
(VASP) [31]. We used projector augmented-wave (PAW) [32]
potentials and approximated the exchange-correlation poten-
tial with the Perdew-Burke-Ernzerhof (PBE+D2) function-
als [33,34]. van der Waals corrections [34] and spin-orbit
coupling were included in the calculations. During the ionic
relaxation, the Brillouin zone of the unit cell was sampled by
a grid of (17 × 17 × 1) k points. A plane-wave basis set with
an energy cutoff of 400 eV was used in all calculations. A

2469-9950/2018/98(12)/121302(5) 121302-1 ©2018 American Physical Society

http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.98.121302&domain=pdf&date_stamp=2018-09-12
https://doi.org/10.1103/PhysRevB.98.121302


CHAVES, AZADANI, ÖZÇELIK, GRASSI, AND LOW PHYSICAL REVIEW B 98, 121302(R) (2018)

FIG. 1. Side and top views of the crystal structure of a MoSe2/WSe2 heterostructure with (a) AA and (e) AA′ stacking orientation. Notice
the red (Mo) atoms below the green (Se) ones in the AA′ case (e). Inset: First Brillouin zone and its high symmetry points. The in-plane lattice
constant a is 3.33 Å, the Mo-Se distance is 2.54 Å, while interlayer distances are 7.10 and 6.72 Å for the AA and AA′ cases, respectively. The
vertical arrow illustrates the positive direction of applied electric field �E. Band structures of an AA stacked MoSe2/WSe2 heterostructure (b)
without applied electric field, and with applied fields (c) E = 0.2 V/Å and (d) E = 0.3 V/Å are shown. (f)–(h) The same as (b)–(d), but for
AA′ stacking and E = 0.3 V/Å and E = 0.4 V/Å. The color scale indicates the relative wave-function projections to the MoSe2 (blue) and
WSe2 (pink) layers.

large out-of-plane supercell size of 36 Å (25 Å vacuum sepa-
ration) was chosen to ensure no interaction between adjacent
supercells. While applying an external electric field, dipole
corrections were applied in order to remove spurious dipole
interactions [35].

In general, TMDC bilayers are shown to be indirect
gap semiconductors [1,2]. However, recently synthesized
vdWH with AA stacking, instead of the natural AB case,
exhibit a direct gap at K [25]. Electronically, these two
layers are largely decoupled, with a superposition of their
monolayers’ band structure. Alternatively, AA′ stacked
bilayers, namely, with transition-metal atoms of one layer
superposing chalcogen atoms of the other layer, also share the
same qualitative features. In our calculations, the geometry
of AA and AA′ stacked MoSe2/WSe2 supercells was
first optimized at zero electric field, leading to the crystal
structures shown in Figs. 1(a) and 1(e). For any other value
of perpendicular electric field, we computed the optimum
interlayer distance, by allowing the ions to relax in the
out-of-plane direction until the atomic forces on the unit cell
were less than 0.01 eV/Å, all obtained without spin-orbit
coupling. The charge density was computed by refining
the solution to the Kohn-Sham equations with an energy

convergence value of 10−5 eV. Energies in all DFT results
throughout this Rapid Communication are shown using
vacuum energy at zero electric field as a reference.

From the pseudowave function �n,�k (�r ) =
[ψ↑

n,�k (�r ), ψ↓
n,�k (�r )]

T
of a specific band n and �k point (in what

follows, we choose either �k = K or �k = �), we extracted
the probability function projection [36] to the bottom (top)
MoSe2 (WSe2) layer as

�
(n)
1(2) =

∫ z0(zmax )

zmin (z0 )
dz

∫
�2D

dx dy[|ψ↑
n,�k (�r )|2 + |ψ↓

n,�k (�r )|2],

(1)

where �2D stands for the two-dimensional Wigner-Seitz cell,
zmin and zmax are the supercell lower and upper boundaries in
the out-of-plane direction, respectively, and z0 is the midpoint
position between the two layers.

The exciton wave function is defined in the basis
[�11(ρ) �12(ρ) �21(ρ) �22(ρ)]T , where �ρ = �ρe − �ρh is the
electron-hole relative coordinate, i (j ) denotes an electron
(hole) in the i(j )th layer, and i, j = 1(2) stands for the bottom
(top) layer. The exciton Hamiltonian reads [37–39]

Hexc =

⎛
⎜⎜⎜⎝

H11 + Vh th te 0
t∗h H12 − PE 0 te
t∗e 0 H21 + Vh + Ve + PE th
0 t∗e t∗h H22 + Ve

⎞
⎟⎟⎟⎠, (2)

where E is the field intensity, P is the effective dipole
moment in the direction perpendicular to the vdWH, Hij =

(1/μij )∇2
‖ + Vij (ρ), μij is the reduced effective mass [40] for

an electron (hole) in the i(j )th layer, and the e-h interaction
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potential Vij (ρ) is obtained from the quantum electrostatic
heterostructure model [41,42]. The interlayer hopping param-
eters te(h) and band offsets Ve(h) in Eq. (2) are adjusted as
to fit the quasiparticle probability densities �

(n)
1(2) obtained

from DFT calculations, i.e., without e-h interactions [37]. We
numerically solve the Schrödinger equation for the in-plane
component of the wave function Hijψij (ρ) = E

‖
ijψij (ρ),

yielding |�ij (ρ)〉 = ψij (ρ)|φij 〉, where |φij 〉 carries informa-
tion only on the particle localization in each layer. The exciton
energy states are then finally obtained by diagonalization of
the full exciton Hamiltonian matrix Hexc in the |φij 〉 basis,
using the calculated Hij → E

‖
ij , whereas the binding energy

of the nth exciton state E
(n)
b (n = 1–4) is taken just as a bra-ket

of the e-h interaction part of the exciton Hamiltonian [i.e.,
setting te(h), Ve(h) and P to zero in Eq. (2)] using the nth
eigenfunction of Hexc.

Results. DFT results in Figs. 1(b)–1(d) and 1(f)–1(h) show
that the MoSe2/WSe2 heterostructure is a direct gap semi-
conductor at the K point under all values of applied electric
field investigated here, for both stacking configurations. Fig-
ures 1(b) and 1(f) show the band structure of the AA and AA′
stacked heterostructures at zero electric field. In both cases,
from the color scale, one verifies that the wave functions at the
K point are well localized in either the MoSe2 or WSe2 layer.
Hence, the combined band diagram of the heterostructure
preserves the properties of the band structure of its constituent
monolayers. This observation supports the idea of using the
layer-localized states (|φij 〉) as a basis for the effective exciton
Hamiltonian in Eq. (2).

When a positive electric field is applied [see Fig. 1(a)], the
bands around K with a prevalent MoSe2 (WSe2) character
shift to higher (lower) energies [see Figs. 1(c) and 1(d)].
This eventually results in band anticrossings around 0.2 V/Å.
The same situation holds for AA′ stacked heterostructures, as
shown in Figs. 1(f)–1(h), albeit at a higher crossover electric
field of ≈0.3 V/Å instead. A similar effect is also discussed
in Ref. [43].

The energies of the two lowest conduction bands and the
two highest valence bands at the K point are plotted as a
function of electric field in Fig. 2(a). It is clear that the
band gap energy of the heterostructure can be modulated by
the electric field, reaching its maximum value of 1.28 eV at
0.225 V/Å. The anticrossing observed in each pair of bands
exhibits an energy separation of only a few meV, as a con-
sequence of small interlayer hoppings for quasiparticle states
at K [37]. For the � point, on the other hand, valence band
states have highly mixed wave-function projections, with hole
states delocalized across both layers. Consequently, valence
band extrema at � in Fig. 2(b) exhibit an anticrossing at
≈0.185 V/Å with an energy separation of ≈0.4 eV, two orders
of magnitude higher than observed for states at K . Similar
qualitative features are observed also in the AA′ stacking case
in Figs. 2(c) and 2(d).

Despite the fact that the valence band maximum is at K , the
satellite valley at � is very close in energy and might be ex-
perimentally accessible as well. In fact, recent PL experiments
suggest the observation of momentum-space indirect ILE in
similar type-II vdWHs [20,44–46]. Although the indirect ILE
case is briefly discussed in the Supplemental Material [37],

FIG. 2. (a) Two lowest conduction band states and highest va-
lence band states (VBM) for an AA stacked MoSe2/WSe2 het-
erostructure under a perpendicularly applied electric field at the K

point. (b) Valence band extrema at the � point as a function of the
electric field. The same results, but for AA′ stacking, are shown in
(c) and (d), respectively. Color coding is the same as in Fig. 1, thus
indicating the relative wave-function projections to the MoSe2 (blue)
and WSe2 (pink) layers. (e) Electron and hole probability densities
around the WSe2 and MoSe2 layers, for different values of applied
electric field E, ranging from 0.1 to 0.4 V/Å in steps of 0.025 V/Å.

a proper theoretical investigation of this problem requires
taking phonons into consideration, which is beyond the scope
of the present work. Therefore, in what follows, valence band
states at � under applied fields will be discussed only in the
quasiparticle level, without e-h interactions.

The DFT obtained probability densities for electron and
hole states around K in the AA stacking case are illustrated
in Fig. 2(e), for different values of the perpendicularly applied
electric field E. For low fields, electrons (holes) are strongly
localized in the MoSe2 (WSe2) layer. As the applied field
becomes more positive, charge carriers are pushed towards the
opposite layer, and the localization of these particles is inter-
changed. For intermediate values of the applied field, how-
ever, the wave functions partially populate both layers and,
consequently, a stronger e-h population overlap is observed,
leading to higher binding energies and oscillator strengths, as
we will demonstrate further.

Figure 3(a) shows wave-function projections [see Eq. (1)]
of the lowest conduction band minimum (CBM) at the K

point, for AA stacking (symbols). For electric field values
lower than 0.175 V/Å, the wave function is almost completely
localized in the first layer (MoSe2). As the applied electric
field increases, there is a shift to the other layer (WSe2). For
the valence band maximum (VBM) at K , shown in Fig. 3(b),
this trend is reversed, as expected from the type-II band align-
ment. Besides, the transition is smoother for VBM, indicating
a more pronounced band mixing at the band crossing. As for
the valence band states at the � point in Fig. 3(c), the behavior
is almost the same as for the hole states at the K point, but
there is an even smoother shift of wave functions from one
layer to the other. An intrinsic ≈72%–28% (≈68%–32%) dis-
tribution of this wave function between both layers is observed
in the absence of an applied field, for the AA (AA′) stacking
case. Hopping parameters te(h) in Eq. (2) [for Vij (ρ) ≡ 0] are
adjusted as to fit the DFT obtained quasiparticle projections
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FIG. 3. Normalized wave-function projections on the MoSe2 and
WSe2 layers for (a) CBM and (b) VBM at the K point, as well
as for (c) VBM at the � point, assuming an AA stacked vdW
heterostructure. (d)–(f) The same results, but for the AA′ stacking
case. Lines and symbols represent results obtained, respectively,
from the exciton Hamiltonian matrix in Eq. (2) [in the absence
of electron-hole interactions, i.e., for Vij (ρ ) ≡ 0] and from DFT
calculations, according to Eq. (1).

[37], so that good agreement between DFT (symbols) and
continuum (lines) model results is achieved in all cases.

Exciton energy states at K are shown in Fig. 4(a) [Fig. 4(c)]
for the AA (AA′) stacked vdWH. The zero-energy reference
is set as the gap between the conduction band edge of MoSe2

and valence band edge of WSe2. At zero field, a lowest-
energy pure ILE state is observed, with a low e-h overlap, at
−0.26 eV. Also, the pure intralayer exciton in WSe2 (MoSe2)
peaks at −0.14 eV (0.066 eV), with E

(2)
b ≈ 0.39 eV (E(3)

b ≈
0.40 eV) for AA stacking. As the field increases, ILE energy

FIG. 4. (a) Exciton energy states n = 1–4 and (b) their binding
energies E

(n)
b as a function of the applied field, assuming AA stack-

ing. The same results are shown in (c) and (d) for the AA′ stacking
case. Color code in (a) represents the electron-hole overlap from zero
(gray) to unity (blue).

exhibits a linear quantum-confined Stark effect, as expected
from its nonzero dipole moment parallel to the field, and
indeed observed in recent experiments [21,46]. Remarkably,
at E ≈ 0.1 V/Å, the band alignment is so that the conduction
band offset approaches zero, while the nonzero te enables a
state with electrons more evenly distributed among both lay-
ers. Consequently, a hybrid state composed of ILE and WSe2

intralayer excitons is enabled, leading to an anticrossing point
in Fig. 4(a) and enhancing the e-h overlap of ILE state in the
vicinity of this point. A second (and more clear) anticrossing
appears around E = 0.13 V/Å, as ILE and MoSe2 intralayer
excitons hybridize. The binding energy of the ILE, formerly
E

(1)
b ≈ 0.26 eV at E = 0 [see Fig. 4(b), solid line], is thus

enhanced to E
(2)
b = E

(3)
b ≈ 0.33 eV at E = 0.13 V/Å. Quali-

tatively similar features are observed at the other anticrossings
for higher fields in Fig. 4(a), as well as for the AA′ stacking
case [see Figs. 4(c) and 4(d)], although anticrossings in the
latter exhibit a very short gap, due to the smaller te(h) in this
case.

According to Elliot’s formula [47], the intensity (oscillator
strength) of excitonic peaks is proportional to the square
modulus of the exciton envelope wave function at r = 0, i.e.,
where electrons and holes are at the same point in space, as
well as on the dipole matrix element of the quasiparticle states.
The latter depends on the symmetry of the bands, which is
not expected to change with the perpendicularly applied field.
Moreover, for the AA and AA′ stacking considered here, the
dipole matrix element is demonstrated to be nonzero, thus al-
lowing for excitonic transitions [48,49]. Therefore, variations
in the electron-hole overlap are reflected in the exciton peak
intensity [50,51], as experimentally verified [52] in coupled
semiconductor quantum wells, which is analogous to the
coupled layer case investigated here. Consequently, the effects
discussed here would manifest themselves in PL experiments
as an ILE peak whose spectral position and amplitude change
with external electric field.

Conclusion. We have investigated the exciton states in
MoSe2/WSe2 heterostructures in the presence of an electric
field applied perpendicularly to the layers. For almost any
value of field, this heterostructure exhibits type-II band off-
sets for states around the K point of the Brillouin zone, as
inferred by quasiparticle wave functions in the conduction and
valence bands which are strongly localized in separate layers.
However, moderate fields produce charge densities which are
distributed across both layers. In this case, hybrid ILE and
intralayer exciton states come into play, while the e-h overlaps
and, consequently, exciton binding energies and oscillator
strengths are significantly enhanced. The possibility of tuning
the exciton binding energy and its PL emission intensity using
an applied field opens an interesting avenue towards the search
and enhancement of ILE exciton states, whose experimental
observation has proved to be elusive.
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